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METHOD FOR OPERATING AN ARTIFICIAL 
NEURAL NETWORK 

FIELD 

[ 0001 ] The present invention relates in general to the field 
of artificial intelligence . In particular , the present invention 
relates to a method for operating an artificial neural network , 
and an artificial neural network that may be used , for 
example , for object recognition in vehicles . 

BACKGROUND INFORMATION 

[ 0002 ] For training artificial neural networks , in particular 
multilayer and / or convolutional neural networks , training 
data supplied to the neural network , such as training images , 
are generally normalized and / or standardized . This may be 
used , among other things , to homogenize the training data of 
a training data set . In addition , objects and / or features 
possibly present in the training data may be emphasized 
and / or highlighted by the normalization . 
[ 0003 ] After the training of the neural network and / or 
during operation of the trained neural network , generally 
also referred to as inference , the input data supplied to the 
neural network for interpretation and / or classification are 
generally normalized and / or standardized analogously to the 
training data . The normalization of the input data may be 
computationally intensive and / or time - consuming , and may 
require powerful hardware for carrying out the normaliza 
tion . 

SUMMARY 

( 0004 ] By use of specific example embodiments of the 
present invention , an efficient and rapid method for operat 
ing an artificial neural network may be advantageously 
provided . In addition , an improved artificial neural network 
may be provided using specific embodiments of the present 
invention . 
[ 0005 ] One aspect of the present invention relates to a 
method for operating an artificial neural network . The neural 
network includes at least one convolution layer and / or at 
least one convolutional layer that are / is configured to con 
vert an input matrix of the convolution layer into an output 
matrix , based on a convolution operation and a shift opera 
tion , such as a linear shift . In accordance with an example 
embodiment of the present invention , the method includes a 
step of ascertaining at least one first normalization value and 
one second normalization value based on inputs of the input 
matrix and / or based on a training data set of the neural 
network . The method includes the following steps : 

[ 0006 ] ascertaining a modified filter matrix based on an 
original filter matrix of the at least one convolution 
layer and based on at least one of the ascertained first 
normalization value and the second normalization 
value ; 

[ 0007 ] ascertaining a modified shift matrix based on an 
original shift matrix of the at least one convolution 
layer and based on at least one of the ascertained first 
normalization value and the second normalization 
value ; and 

[ 0008 ] converting the input matrix into the output 
matrix , using and / or based on the modified filter matrix 
and the modified shift matrix . 

[ 0009 ] The method may refer to a method for training a 
neural network and / or a method for operating an already 

trained neural network . The neural network may refer , for 
example , to a multilayer artificial neural network that may 
have multiple convolution layers . Alternatively or addition 
ally , the neural network may refer to a convolutional neural 
network . For example , the neural network may include 
multiple convolution layers downstream from one another , 
such as concealed layers . In the context of the present 
disclosure , the at least one convolution layer may refer , for 
example , to an input layer and / or first layer of the neural 
network , a convolution layer downstream from the input 
layer , and / or a concealed layer of the neural network . 
[ 0010 ] The input matrix may in general refer to an arbi 
trary input data element of the at least one convolution layer . 
If the neural network includes multiple convolution layers , 
the input matrix may refer to an input data element for any 
of these convolution layers . For the input layer and / or the 
first layer of the neural network , the input matrix may refer 
to an input data element , such as an input image , that is 
supplied to the neural network . For a convolution layer 
downstream from the input layer , the input matrix may also 
refer to the input data element which is supplied to this 
convolution layer , and which , for example , may correlate 
with an output matrix of an upstream convolution layer 
and / or may correspond to this output matrix . The input 
matrix may also have an arbitrary dimension . In particular , 
the input matrix may be one - dimensional or multidimen 
sional . In other words , the input matrix may refer to a 
one - dimensional or multidimensional input tensor . 
[ 0011 ] The output matrix may refer to an arbitrary output 
data element of the at least one convolution layer , which 
may be generated by the convolution layer based on the 
input matrix , using the convolution operation and the shift 
operation . If the neural network includes multiple convolu 
tion layers , the output matrix may be an output data element 
of any convolution layer . For multiple convolution layers 
downstream from one another , in addition the output matrix 
of an upstream convolution layer may also form an input 
matrix of a convolution layer downstream from this 
upstream convolution layer , may correlate with the input 
matrix of the downstream convolution layer , and / or may 
correspond to same . The output matrix may also have an 
arbitrary dimension . In particular , the output matrix may be 
one - dimensional or multidimensional . In other words , the 
output matrix may refer to a one - dimensional or multidi 
mensional output tensor . In addition , the output matrix may 
have the same dimension as the input matrix of the particular 
convolution layer , or may have a dimension that is different 
from the input matrix of the particular convolution layer . 
[ 0012 ] The original filter matrix may refer , for example , to 
the filter matrix of the convolution layer as used during the 
training of the neural network and / or that has been ascer 
tained for this convolution layer . The modified filter matrix 
may refer to the filter matrix that is used by the associated 
convolution layer during operation of the trained neural 
network , also referred to as inference . Analogously , the 
original shift matrix may refer to the shift matrix of the 
convolution layer as used during the training of the neural 
network and / or that has been ascertained for this convolu 
tion layer . The modified shift matrix may refer to the shift 
matrix that is used by the associated convolution layer 
during operation of the trained neural network . 
[ 0013 ] The first normalization value and the second nor 
malization value may each be used for normalizing the input 
matrix and / or may in each case refer to a value for normal 
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izing the input matrix . The first normalization value and / or 
the second normalization value may be a scalar , a vector , a 
matrix , and / or a tensor . The first normalization value and the 
second normalization value may in each case generally be a 
value , such as a statistical value , that may be derived from 
inputs of the input matrix and / or from the training data set . 
For example , the first normalization value may correlate 
with a standard deviation , and / or the second normalization 
value may correlate with an average value . The average 
value may also be a weighted average value , it being 
possible , for example , for inputs of the input matrix to be 
weighted differently and / or for individual training images of 
the training data set to be weighted differently . In addition , 
the first normalization value and the second normalization 
value may be higher moments of a statistic , such as a 
skewness or inclination or a kurtosis or curvature . Within the 
scope of the method according to the present invention , any 
number of normalization values may generally be ascer 
tained , with the aid of which the input matrix may be 
normalized using an addition , subtraction , multiplication , 
and / or division . 
[ 0014 ] The present invention may be regarded in particu 
lar as based on the following described findings . During the 
training of artificial neural networks , training data elements , 
for example training images , may be normalized and / or 
standardized by subtracting an average value of inputs of the 
training data elements and dividing inputs of the training 
data elements by a standard deviation . The average value 
and the standard deviation may be global values and / or may 
be ascertained based on an overall training data set that 
includes multiple training data elements . All training data 
elements , all input data elements , and / or all input matrices of 
individual convolution layers may then be normalized using 
the global values of the standard deviation and of the 
average value . Alternatively , the average value and the 
standard deviation may be local values that may be ascer 
tained separately for each training data element supplied to 
the neural network and / or each input data element supplied 
to the neural network and used for normalizing . In conven 
tional methods for operating neural networks and / or in 
conventional neural networks , during operation of the 
trained neural network each input data element , such as an 
input image , fed into the neural network is generally nor 
malized in this way . In addition , the input matrices of one or 
multiple convolution layers may be normalized in this way . 
This may sometimes require significant computing effort 
and / or computing time . 
[ 0015 ] According to the present invention , it is therefore 
provided to combine the normalization and / or standardiza 
tion with the convolution operation and / or the shift opera 
tion carried out by the convolution layer . A normalization 
operation , in particular a linear normalization operation , for 
normalizing the input matrix may thus be contained in 
and / or integrated into the modified filter matrix and the 
modified shift matrix . The normalization operation may 
generally involve an addition , subtraction , division , and / or 
multiplication of the input matrix with the first normaliza 
tion value and / or the second normalization value and / or with 
further normalization values . In particular , the normalization 
operation may involve a subtraction of an average value 
from inputs of the input matrix and / or a division of the 
inputs of the input matrix by the standard deviation . By 
taking into account and / or integrating the first normalization 
value and the second normalization value into the modified 

filter matrix and the modified shift matrix , it is thus possible 
to carry out the convolution operation , the shift operation , 
and the normalization operation in combination and / or in 
one step . A separate step for carrying out the normalization 
operation may thus be dispensed with . In other words , the 
normalization operation may be integrated into the modified 
filter matrix and / or the modified shift matrix by integrating 
the first and / or second normalization value into the modified 
filter matrix and / or the modified shift matrix . Combining the 
normalization with the convolution operation and / or the 
shift operation may take place in an input layer and / or first 
layer of the neural network , via which the neural network 
may be supplied with input data elements such as input 
images . Alternatively or additionally , the convolution opera 
tion and / or shift operation applied by any other convolution 
layer to an input matrix of this convolution layer may be 
combined with the associated normalization operation of 
this input matrix . An explicit and / or separate normalization 
of the input data elements and / or the input matrices may be 
avoided in this way . Computing effort and / or computing 
time may thus be reduced overall , so that the neural network 
may have a faster and more efficient design . In addition , the 
trained neural network may thus be implemented on virtu 
ally any hardware and / or ported onto same , with little or no 
impairment of performance of the hardware . In addition , the 
hardware used for operating the neural network , in particular 
a processor and / or a graphics processor , may have a less 
powerful design , thus allowing costs to be saved . 
[ 0016 ] According to one specific embodiment of the pres 
ent invention , the first normalization value is a value that 
correlates with a standard deviation and / or is a standard 
deviation . The first normalization value may , for example , 
also be a reciprocal of the standard deviation and / or may 
correlate with the reciprocal of the standard deviation . 
Alternatively or additionally , the second normalization value 
is a value that correlates with an average value and / or is an 
average value . The second normalization value may , for 
example , also be a negative ratio of the average value to the 
standard deviation and / or may correlate with this ratio . The 
first and second normalization values may be ascertained 
based on inputs of the input matrix and / or based on a 
training data set . 
[ 0017 ] According to one specific embodiment of the pres 
ent invention , the modified filter matrix is determined based 
on , in particular based solely on , the original filter matrix 
and the ascertained first standard deviation . Alternatively or 
additionally , the modified shift matrix is determined based 
on the original shift matrix , based on the ascertained stan 
dard deviation and based on the ascertained average value . 
The standard deviation and the average value used for 
normalizing the input matrix may thus be integrated into the 
modified filter matrix and / or the modified shift matrix , so 
that a normalization of the input matrix to be carried out 
separately may be dispensed with . 
[ 0018 ] According to one specific embodiment of the pres 
ent invention , the ascertained average value is an average 
value of inputs of the input matrix . Alternatively or addi 
tionally , the ascertained standard deviation is a standard 
deviation of inputs of the input matrix . The average value 
and the standard deviation may therefore be ascertained as 
local values for the input matrix of the convolution layer . For 
each input matrix , an average value associated with this 
input matrix and / or a standard deviation associated with this 
input matrix may be ascertained in each case . If the asso 
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ciated convolution layer is the input layer , the ascertained 
average value may be an average value of the inputs of the 
associated input data element , for example an average value 
of pixels of an input image . Analogously , the standard 
deviation may be a standard deviation of the inputs of the 
associated input data element , for example of pixels of the 
input image . 
[ 0019 ) According to one specific embodiment of the pres 
ent invention , the training data set includes multiple training 
data elements , in particular training images , the standard 
deviation and the average value being ascertained based on 
the training data elements of the training data set . The 
average value and the standard deviation may therefore be 
ascertained as global values for the input matrix of the 
convolution layer . The same average value and the same 
standard deviation may thus be used for any input matrix 
and / or any input data element . This may further reduce the 
necessary computing effort and / or computing time . 
[ 0020 ] According to one specific embodiment of the pres 
ent invention , the step of converting the input matrix into the 
output matrix includes a convolution of the input matrix 
with the modified filter matrix , and an addition of the 
modified shift matrix to the convoluted input matrix . As 
explained above , the modified filter matrix and the modified 
shift matrix may contain the normalization operation for 
normalizing the input matrix . The input matrix may thus be 
simultaneously normalized , convoluted , and / or shifted in the 
convolution layer in order to generate the output matrix . 
Thus , the input matrix no longer has to be normalized before 
being supplied to the convolution layer , and instead , all 
computing operations applied to the input matrix may take 
place in one step . 
[ 0021 ] According to one specific embodiment of the pres 
ent invention , the step of ascertaining the modified filter 
matrix includes forming a ratio of inputs of the original filter 
matrix to the ascertained standard deviation . In other words , 
the modified filter matrix may be ascertained by dividing the 
inputs of the original filter matrix by the ascertained stan 
dard deviation . It may thus be ensured that the input matrix 
is correctly normalized . The inputs of the original filter 
matrix may refer to parameter values and / or weights of the 
particular convolution layer as ascertained during a training 
of the neural network . 
[ 0022 ] According to one specific embodiment of the pres 
ent invention , the step of ascertaining the modified shift 
matrix includes a step of convolution of the modified filter 
matrix with a normalization matrix , all inputs of the nor 
malization matrix having the ascertained average value , and 
a step of subtracting the modified filter matrix , which is 
convoluted with the normalization matrix , from the original 
shift matrix . In other words , the modified shift matrix may 
be ascertained by forming the difference of the original shift 
matrix and the result of a convolution between the normal 
ization matrix and the modified filter matrix . It may thus be 
ensured that the input matrix is correctly normalized . Inputs 
of the original shift matrix may refer to parameter values 
and / or weights of the particular convolution layer as ascer 
tained during a training of the neural network . 
[ 0023 ] According to one specific embodiment of the pres 
ent invention , the method also includes a step of converting 
the input matrix into a higher - dimensional input matrix with 
addition of inputs to the input matrix . When the neural 
network is trained and / or during operation of the trained 
neural network or during inference , the added inputs have 

the ascertained average value in each case . Alternatively or 
additionally , during a training of the neural network the 
added inputs have a value of zero in each case . By adding 
inputs to the input matrix , a dimension of the output matrix 
after applying the convolution operation may advanta 
geously match a dimension of the input matrix before adding 
the inputs . Adding inputs is also often referred to as " pad 
ding . ” Thus , if zeroes are added to the input matrix of a 
convolution layer during the training of the neural network , 
inputs having the average value may be added to the input 
matrix for this convolution layer after the training , i.e. , 
during operation of the trained network . 
[ 0024 ] According to one specific embodiment of the pres 
ent invention , when the neural network is trained , the inputs 
added to the input matrix have a value of zero in each case . 
Alternatively or additionally , during the training of the 
neural network the added inputs each have a negative value 
of the ratio of the ascertained average value to the ascer 
tained standard deviation . Thus , during the training of the 
neural network , when inputs that correspond to the negative 
of the ratio of the ascertained average value to the ascer 
tained standard deviation are added to the input matrix of a 
convolution layer , zeroes may be added to the input matrix 
for this convolution layer after the training , i.e. , during 
operation of the trained network . In particular , the dimension 
of the output matrix may thus be maintained and / or may 
match the dimension of the input matrix before adding the 
inputs . 
[ 0025 ] According to one specific embodiment of the pres 
ent invention , the at least one convolution layer is an input 
layer and / or a first layer of the neural network . Alternatively 
or additionally , the input matrix is an input data element , in 
particular an input image , which is supplied to the neural 
network for interpretation and / or classification . The input 
data element may have an arbitrary dimension and / or may 
be an input image with an array including an arbitrary 
number of pixels . The pixels of the input image may be 
inputs of the input data element and / or inputs of the input 
matrix of the input layer . 
[ 0026 ] According to one specific embodiment of the pres 
ent invention , the modified filter matrix and the modified 
shift matrix are used solely in the input layer of the neural 
network . It is thus possible to further increase efficiency of 
the method for operating the neural network and / or to 
further reduce the computing effort and / or the computing 
time . 
[ 0027 ] According to one specific embodiment of the pres 
ent invention , the neural network includes multiple convo 
lution layers , each of which is configured to convert an input 
matrix of the particular convolution layer into an output 
matrix of the particular convolution layer , a modified con 
volution matrix and a modified shift matrix being ascer 
tained for each convolution layer , and each input matrix of 
each convolution layer being converted into an output 
matrix , applying the modified filter matrix ascertained for 
the particular convolution layer and the modified shift 
matrix ascertained for the particular convolution layer . The 
modified filter matrix and the modified shift matrix may be 
ascertained based on the original filter matrix and the 
original shift matrix of the particular convolution layer . 
[ 0028 ] According to one specific embodiment of the pres 
ent invention , an output matrix of at least one convolution 
layer forms an input matrix of at least one convolution layer 
downstream from this convolution layer , so that the average 
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value and the standard deviation for the downstream con 
volution layer are ascertained based on this output matrix . In 
other words , the output matrix of an upstream convolution 
layer may correspond to the input matrix of a convolution 
layer situated directly downstream from this upstream con 
volution layer . 
[ 0029 ] A further aspect of the present invention relates to 
an artificial neural network . The neural network is config 
ured to carry out the method for operating the neural 
network as described above and explained below . The neural 
network may in particular be implemented on a processor 
and / or may include a processor . 
[ 0030 ] Features , elements , and / or steps of the method for 
operating the neural network may be features and / or ele 
ments of the neural network , and vice versa . In other words , 
the disclosure with regard to the method similarly applies to 
the disclosure with regard to the neural network , and vice 

ity value may be output and / or provided by the neural 
network . The output may be supplied , for example , to a 
control unit of the motor vehicle which , based on the output , 
may derive a vehicle control , for example an evasive maneu 
ver and / or a brake application . The control unit may also 
prompt the motor vehicle to carry out the derived or ascer 
tained vehicle control , in particular for carrying out the 
evasive maneuver and / or the brake application . A method 
for operating a vehicle may thus be implemented with the 
aid of the neural network . Alternatively or additionally , a 
warning device , for example for outputting an acoustic or 
visual warning signal , may be actuated based on the output 
of the neural network . 
[ 0033 ] In addition , the method and the neural network 
may be advantageously used for the segmentation of image 
data . Furthermore , the method and the neural network may 
be used for analyzing medical images and / or medical image 
data , for example to detect diabetes in a patient . The method 
and the neural network may also be employed and / or used 
in robotics , for example for controlling a robot , in particular 
based on image data . Another possible field of application of 
the neural network and / or of the method is quality control , 
for example for identifying defective manufactured goods 
based on image data and / or other data . 
[ 0034 ] Exemplary embodiments of the present invention 
are explained below with reference to the figures . 

versa . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0031 ] In particular , the neural network may include at 
least one convolution layer that is configured to convolute an 
input matrix with a modified filter matrix , and to add the 
convoluted input matrix to a modified shift matrix in order 
to generate an output matrix of the convolution layer . Inputs 
of the modified filter matrix may correlate with a ratio of 
inputs of an original filter matrix of the convolution layer to 
a standard deviation . The inputs of the modified filter matrix 
may be specified , for example , by the ratio of the inputs of 
the original filter matrix to the standard deviation . In addi 
tion , inputs of the modified shift matrix may correlate with 
a difference between an original shift matrix and the result 
of a convolution of the modified filter matrix with a nor 
malization matrix , whose inputs have the ascertained aver 
age value in each case . In other words , the inputs of the 
modified shift matrix may be specified by the difference 
between the original shift matrix and the result of the 
convolution of the modified filter matrix with the normal 
ization matrix . The standard deviation and the average value 
may be ascertained based on inputs of the input matrix 
and / or based on a training data set of the neural network . 
[ 0032 ] The method according to the present invention for 
operating the neural network and / or the neural network may 
be advantageously used in many industrial sectors . In par 
ticular , the method and / or the neural network may be used 
in the field of autonomous driving , for example in a motor 
vehicle . For example , the method and / or the neural network 
may be used for object recognition based on image data . By 
use of the method and the neural network according to the 
present invention , in particular a recognition of traffic signs , 
pedestrians , obstacles , and / or other objects in the image data 
may be carried out . For example , image data and / or images 
may be recorded with a camera of a motor vehicle and 
supplied to the neural network for object recognition . The 
neural network may interpret , process , and / or handle the 
image data . The neural network in particular may carry out 
a classification of objects contained in the image data and 
output an appropriate output . For example , based on the 
processing of the image data , the neural network may 
ascertain at least one probability value and / or a probability 
with which an object contained in the image data may be 
associated with a certain class of objects and / or an object 
class . Alternatively or additionally , the neural network may 
ascertain the class of objects and / or the object class with 
which the object contained in the image data may be 
associated . The object class and / or the at least one probabil 

[ 0035 ] Exemplary embodiments of the present invention 
are described in greater detail below with reference to the 
figures . 
[ 0036 ] FIG . 1 shows an artificial neural network according 
to one exemplary embodiment of the present invention . 
[ 0037 ] FIG . 2 shows a flow chart for illustrating steps of 
a method for operating a neural network according to one 
exemplary embodiment of the present invention . 
[ 0038 ] FIG . 3 shows a flow chart for illustrating steps of 
a method for operating a neural network according to one 
exemplary embodiment of the present invention . 
[ 0039 ] FIG . 4 shows a flow chart for illustrating steps of 
a method for operating a neural network according to one 
exemplary embodiment of the present invention . 
[ 0040 ] The figures are strictly schematic and are not true 
to scale . Identical , functionally equivalent , or similar ele 
ments are provided with the same reference numerals in the 
figures . 

DETAILED DESCRIPTION OF EXAMPLE 
EMBODIMENTS 

[ 0041 ] FIG . 1 shows an artificial neural network 10 
according to one exemplary embodiment of the present 
invention . Artificial neural network 10 illustrated in FIG . 1 
is designed as a multilayer neural network 10 by way of 
example . 
[ 0042 ] Neural network 10 may be used , for example , for 
interpreting image data , for example within the scope of an 
object recognition in a motor vehicle . Neural network 10 
may , for example , be coupled to a memory device 11 and / or 
may include a memory device 11 for storing image data . The 
image data may be recorded , for example , with a camera of 
the motor vehicle and stored in memory device 11 for further 
processing and / or interpretation by neural network 10. The 
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image data may include one or multiple images , which may 
be supplied to neural network 10 and / or fed into neural 
network 10 . 

[ 0043 ] Artificial neural network 10 includes an input layer 
12a and / or a first layer 12a that is supplied with an input 
matrix Io . Input layer 12a of a neural network 10 is generally 
a convolution layer . First layer and / or input layer 12a may 
therefore be referred to as a first convolution layer 12a of 
neural network 10. Input matrix 1. supplied to input layer 
12a may be an input data element 1 , and / or an input image 
Io , for example . The input data element , the input image , 
and / or input matrix I , of first layer 12a may be an arbitrary 
array that includes an arbitrary number of pixels , the pixels 
corresponding to inputs of input matrix 10. The input data 
element , the input image , and / or input matrix I , of input 
layer 12a may in particular be an individual image of the 
image data stored in memory device 11. The input data 
element , the input image , and / or input matrix 1 , of input 
layer 12a may be supplied to neural network 10 without 
preprocessing , in particular without carrying out normal 
ization and / or standardization beforehand , as explained in 
greater detail below . 
[ 0044 ] In addition , neural network 10 includes multiple 
convolution layers 12b , 12c . Neural network 10 may include 
an arbitrary number of convolution layers 12b , 12c . Con 
volution layer 12b is situated directly downstream from 
input layer 12a and / or is coupled to same . Analogously , 
convolution layer 12c is situated downstream from convo 
lution layer 12b , it being optionally possible for further 
convolution layers and / or further layers of neural network 
10 to be situated between convolution layers 126 , 12c . 
[ 0045 ] Input layer 12a and convolution layers 12b , 12c are 
generally configured to convert input matrix I. , I1 , In , 
supplied to respective layer 12a through 12c , into an output 
matrix A0 , A1 , An - 1 of respective layer 12a through 12c , 
based on a convolution operation and a shift operation , in 
particular a linear shift . In other words , each of layers 12a 
through 12c is designed to carry out a convolution operation 
and a shift operation . In the exemplary embodiment illus 
trated in FIG . 1 , input layer 12a generates an output matrix 
A , of input layer 12a from input matrix I , by applying the 
convolution operation and the shift operation . Based on 
output matrix A , of input layer 12a , an input matrix 11 for 
convolution layer 12b directly downstream from input layer 
12a may then be generated . For this purpose , output matrix 
A , of input layer 12a may be modified , and / or output matrix 
Ao of input layer 12a may form input matrix I , of convo 
lution layer 12b . Analogously , an output matrix An - 1 of a 
convolution layer directly upstream from convolution layer 
12c may form input matrix In of convolution layer 12c , as 
illustrated in FIG . 1 . 

[ 0046 ] Details of the convolution operation and the shift 
operation carried out by each of convolution layers 12a 
through 12c are explained with reference to the subsequent 
figures . 

[ 0047 ] Neural network 10 may ascertain , provide , and / or 
output an output 14 as the result of processing and / or 
interpreting the input matrix , the input data element , and / or 
input image Io . Output 14 may be , for example , an object 
class with which an object contained in input image Io may 
be associated . Alternatively or additionally , output 14 may 
have one or multiple probability values . Each probability 

value may indicate a probability with which an object 
contained in input image 1 , may be associated with a certain 
object class . 
[ 0048 ] When neural network 10 is used in a motor vehicle 
for recognizing an obstacle , output 14 may also be supplied 
to a control unit of the motor vehicle , which , based on output 
14 , may for example ascertain an evasive maneuver and / or 
a brake application and prompt the motor vehicle to carry 
out this evasive maneuver and / or brake application . 
[ 0049 ] FIG . 2 shows a flow chart for illustrating steps of 
a method for operating a neural network 10 according to one 
exemplary embodiment of the present invention . Unless 
stated otherwise , neural network 10 described in FIG . 2 
includes the same elements and features as neural network 
10 described with reference to FIG . 1 . 
[ 0050 ] In general , neural network 10 described with ref 
erence to FIG . 2 includes at least one convolution layer 12a 
through 12c that is configured to convert an input matrix Ij , 
i = 0 ... n into an output matrix A? , i = 0 ... n . Indices i = 0 . 

n are omitted in the following discussion for simplifica 
tion . The method described below may be carried out for any 
convolution layer 12a through 12c . In other words , the 
method described below may refer to one , multiple , or all 
convolution layers 12a through 12c . 
[ 0051 ] At least one first normalization value v and one 
second normalization value w are determined in a first step 
S1 . First normalization value v may correlate with a standard 
deviation o , may be a reciprocal of the standard deviation , 
and / or may be a standard deviation o . Second normalization 
value w may correlate with an average value u , may be an 
average value ul , and / or may be the negative ratio of the 
average value to the standard deviation . First normalization 
value v , second normalization value w , standard deviation o , 
and / or average value u may be ascertained based on input 
matrix I and / or based on inputs of input matrix I of particular 
convolution layer 12a through 12c . For this purpose , aver 
age value u may be ascertained as average value u of all 
inputs of input matrix I. In addition , individual inputs of the 
input matrix may be weighted differently for ascertaining 
average value u . Analogously , standard deviation o may be 
ascertained as standard deviation o of all inputs of input 
matrix I. For one or multiple convolution layers 12a through 
12c , standard deviation o and average value u may be 
ascertained in each case for corresponding convolution layer 
12a through 12c , based on input matrix I that is supplied to 
this convolution layer 12a through 12c . 
[ 0052 ] Alternatively or additionally , first normalization 
value v , second normalization value w , standard deviation o , 
and / or average value u may be ascertained based on a 
training data set of neural network 10. The training data set 
may include multiple training data elements , in particular 
multiple training images . Average value u may thus be an 
average value of all inputs of all training data elements of the 
training data set . In addition , individual training images may 
be weighted differently for ascertaining average value u . 
Analogously , standard deviation o may be a standard devia 
tion of all inputs of all training data elements of the training 
data set . Standard deviation o and average value u ascer 
tained in this way may then be used for one , multiple , or all 
convolution layers 12a through 12c . 
[ 0053 ] First normalization value v and / or the second nor 
malization value , in particular the standard deviation and / or 
average value y , may also be modified in step Si , for 
example by adding a value and / or by multiplying by a factor . 
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[ 0054 ] A modified filter matrix fis determined in a further 
step S2 , based on an original filter matrix f of convolution 
layer 12a through 12c and based on ascertained first nor 
malization value v , for example ascertained standard devia 

divide the result of this difference by standard deviation o . 
The result of this normalization is then convoluted with 
original filter matrix fand linearly shifted with original shift 
matrix b , as indicated in the following equation : 

tion o . 

1 - ? * f + b , 
T 

where u is a normalization matrix and / or average value 
matrix whose inputs all have average value ? and have the 
same dimension as input matrix I. Original shift matrix b has 
the same dimension as the result of the convolution of the 
normalized input matrix with original filter matrix f , and all 
inputs of shift matrix b have a constant value b . 
[ 0061 ] Using modified filter matrix fascertained in step S2 
and modified shift matrix ascertained in step S3 , the above 
equation may be restated as follows : 

1 - ? f * f + b = l * + b = 1 * $ + B , 
OT 

[ 0055 ] A modified shift matrix b is determined in a further 
step S3 , based on an original shift matrix b of convolution 
layer 12a through 12c , based on first normalization value v , 
and based on second normalization value w . Modified shift 
matrix may be determined , for example , based on original 
shift matrix b of convolution layer 12a through 12c , based 
on ascertained standard deviation o , and based on ascer 
tained average value u . 
[ 0056 ] Thus , a normalization operation for input matrix I 
may be contained in modified filter matrix f and modified 
shift matrix , so that the convolution operation carried out 
by convolution layer 12a through 12c and the shift operation 
carried out by convolution layer 12a through 12c may be 
combined with the normalization operation . An explicit 
and / or separate normalization of input matrix I may be 
avoided in this way . 
[ 0057 ] In conventional methods for operating a neural 
network , input matrix I is initially normalized , and subse 
quently convoluted with original filter matrix f and shifted 
with original shift matrix b . In general , input matrix I may 
be normalized and / or standardized with the aid of first 
normalization value v and second normalization value w . In 
particular , for normalizing , inputs of input matrix I and / or 
input matrix I may be multiplied by first normalization value 
V , and second normalization value w may be added to the 
result of this multiplication . In conventional neural net 
works , normalized input matrix I is then convoluted with 
original filter matrix f and shifted with original shift matrix 
b , as indicated in the following equation : 

( VI + w ) * f + b 

Using modified filter matrix f ascertained in step S2 and 
modified shift matrix ? ascertained in step S3 , the above 
equation may be restated as follows : 

( vl + w ) * f + b = I * vf + w * f + b = f + b , 

where 

f 

is the modified filter matrix and 

= -x + b 

where 

? vf 
is the modified filter matrix and 

b = w * ; + b 
is the modified shift matrix . 
[ 0058 ] Input matrix I is then converted into output matrix 
A in a further step S4 . For this purpose , input matrix I is 
convoluted with modified filter matrix f , and the result of 
this convolution is shifted by addition to modified shift 
matrix b , as indicated in the following equation : 

1 * f + b = A 
[ 0059 ] In the following discussion , the method explained 
above is described for the case that first normalization value 
v is a value that correlates with standard deviation o , and 
second normalization value w is a value that correlates with 
average value u . 
[ 0060 ] In conventional neural networks 10 and / or in a 
conventional method for operating neural network 10 , for 
normalizing the input matrix , it is customary to subtract 
average value u from each entry of input matrix I and to 

is the modified shift matrix . 
[ 0062 ] First normalization value v may thus be a recipro 
cal of standard deviation o and / or may correlate with the 
reciprocal , and second normalization value w may be the 
negative of the ratio of average value u to standard deviation 
o and / or may correlate with this ratio . 
[ 0063 ] Input matrix I is then converted into output matrix 
A in a further step S4 . For this purpose , input matrix I is 
convoluted with modified filter matrix f , and the result of 
this convolution is shifted by addition to modified shift 
matrix b , as indicated in the following equation : 

1 * f + b = A 
[ 0064 ] As is apparent from the above four equations , via 
modified filter matrix f and modified shift matrix b , the 
normalization of input matrix I may advantageously take 
place together with the convolution of input matrix I with 
modified filter matrix f and together with the shift of the 
result of this convolution by modified shift matrix 5 . 
[ 0065 ] The method explained above may take place in 
input layer 12a . In particular , the explained method may take 
place solely in input layer 12a . Alternatively , the explained 
method may be carried out in any , in particular in all , 
convolution layers 12a through 12c . 
[ 0066 ] In the following discussion , the method according 
to the present invention is compared to a conventional 
method for operating the neural network . In the conven 
tional method , input matrix I is initially normalized , and the 
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result of the normalization is convoluted with original filter 
matrix f . The result of this convolution is then added to the 
original shift matrix in order to generate output matrix A. 
The conventional method may thus be described with the 
equation 

1 -? * f + b = A. 
T 

In the conventional method , the normalization operation and 
the convolution and shift are thus separate . The first step is 
the normalization , which for each input matrix I is carried 
out during the training of neural network 10 as well as 
during operation of trained neural network 10. The normal 
ization encompasses subtracting average value u from all 
inputs of input matrix I , and dividing by standard deviation 
o . In the conventional method , the normalized input matrix 
is convoluted with original filter matrix f in a second step , 
and the result of this convolution is shifted by addition to the 
original shift operation . 
[ 0067 ] In contrast , in the method according to the present 
invention the normalization operation is combined with the 
convolution operation and the shift operation by applying 
modified filter matrix f and modified shift matrix b . For 
ascertaining modified filter matrix f , the inputs of filter 
matrix f are divided by standard deviation o . Step S2 may 
thus include a substep of ascertaining the ratio of inputs of 
original filter matrix f to standard deviation o . For ascer 
taining modified shift matrix 5 , in addition modified filter 
matrix f is convoluted with normalization matrix u , and the 
result of this convolution is subtracted from original shift 
matrix b . In this way , input matrix I in the unchanged and / or 
non - normalized form may be converted into output matrix 
A , using modified filter matrix fand modified shift matrix 5 . 
[ 0068 ] If standard deviation o and average value u are 
ascertained based on the training data set , modified filter 
matrix f and modified shift matrix may be ascertained 
once , and during operation of trained neural network 10 no 
further adaptation of input matrix I , modified filter matrix f , 
and / or modified shift matrix 5 is necessary . This may 
significantly reduce the computing effort and / or the com 
puting time for processing an input data element and / or an 
input image I by neural network 10 in comparison to the 
conventional method , since in the conventional method each 
input matrix I is initially normalized before it may be 
supplied to neural network 10 . 
[ 0069 ] In contrast , if standard deviation o and average 
value u are ascertained based on input matrix I , it may be 
necessary to adapt modified filter matrix fand modified shift 
matrix b for particular convolution layer 12a through 12c , 
based on standard deviation o of this input matrix I and 
based on average value u of this input matrix I. However , 
since modified filter matrix f and modified shift matrix ? 
generally have a smaller dimension than input matrix I , in 
this case as well the computing effort and / or the computing 
time may be significantly reduced in comparison to the 
conventional method . 
[ 0070 ] FIG . 3 shows a flow chart for illustrating steps of 
a method for operating a neural network 10 according to one 
exemplary embodiment of the present invention . Unless 
stated otherwise , the method described in FIG . 3 includes 
the same elements , features , and steps as the method 

described in FIG . 2. In particular , steps S1 through S4 may 
be designed analogously to the method of FIG . 2 . 
[ 0071 ] The method illustrated in FIG . 3 includes an 
optional step S2 ' in which input matrix I is converted into a 
higher - dimensional input matrix Î with addition of inputs . 
This operation is also often referred to as “ padding , " and 
may be used in particular to compensate for a reduction , 
resulting from the convolution , in the dimension of output 
matrix A in comparison to input matrix I , so that output 
matrix A may have the same dimension as input matrix I. 
[ 0072 ] The equations described for FIG . 2 apply in par 
ticular for the case that no padding is applied . In this case , 
the associated convolution operation of input matrix I with 
modified filter matrix f is also referred to as “ valid convo 
lution . ” Neural network 10 here may be trained in the 
regular manner , i.e. , analogously to the conventional 
method , in which input matrix I may be normalized with first 
normalization value v and second normalization value w , for 
example standard deviation o and the average value . How 
ever , input matrix I of a convolution layer situated down 
stream from the convolution layer in which the method 
according to the present invention is carried out may be 
converted into higher - dimensional input matrix † by adding 
inputs having the value zero , so - called “ zero padding . " 
[ 0073 ] Thus , if during the training of neural network 10 , 
for a convolution layer 12a through 12c in which the method 
according to the present invention is implemented , no inputs 
are added to input matrices I ( training images or training 
data elements , for example ) supplied to this convolution 
layer 12a through 12c , input matrices I supplied to this 
convolution layer 12a through 12c also during operation of 
trained neural network 10 may be supplied without adding 
inputs to input matrices I. After the training of neural 
network 10 , i.e. , during operation of trained neural network 
10 , the convolution operation and the shift operation may 
thus take place according to the method according to the 
present invention described in FIG . 2 . 
[ 0074 ] In contrast , if during the training of neural network 
10 a padding is carried out , and / or during the training of 
input matrix I , inputs are added to a convolution layer 12a 
through 12c in which the method according to the present 
invention is implemented , it may be necessary to add inputs 
to input matrix I of this convolution layer 12a through 12c , 
also during operation of trained neural network 10 , in order 
to convert input matrix I into higher - dimensional input 
matrix Î . If the number of added inputs is selected in such a 
way that the dimension is the same after the convolution , 
this is also often referred to as a " same convolution . ” 
Depending on the hardware on which neural network 10 is 
implemented , inputs containing zeroes ( so - called “ zero pad 
ding ” ) and / or inputs having constant values different from 
zero ( so - called “ non - zero padding ” ) may be added to input 
matrix I. 
[ 0075 ] For example , during the training of neural network 
10 , the input matrix may be normalized in the conventional 
manner by multiplying the input matrix by first normaliza 
tion value v and by adding second normalization value w . In 
addition , during the training of input matrix I , inputs having 
a value of zero ( zero padding ) may be added to a convolu 
tion layer 12a through 12c in which the method according to 
the present invention is implemented . After the training , 
trained neural network 10 may be implemented on hardware 
and / or ported onto same , and modified filter matrix f and 
modified shift matrix may be used in particular convolu 

22 
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tion layer 12a through 12c , in this case inputs , which in each 
case may have the negative ratio of second normalization 
value w to first normalization value v ( non - zero padding ) , 
being added to input matrix I in step S2 ' during operation of 
already trained neural network 10 . 
[ 0076 ] If during the training of neural network 10 the input 
matrix is normalized in the conventional manner by sub 
tracting average value u from the inputs of input matrix I and 
by dividing by standard deviation o , and during the training 
of input matrix I , inputs having a value of zero ( zero 
padding ) are added to a convolution layer 12a through 120 
in which the method according to the present invention is 
implemented , trained neural network 10 after the training 
may be implemented on hardware and / or ported onto same , 
and modified filter matrix f and modified shift matrix b may 
be used in particular convolution layer 12a through 12c , in 
this case inputs , which in each case have average value u 
( non - zero padding ) ascertained in step S1 being added to 
input matrix I in step S2 ' during operation of already trained 
neural network 10 . 
[ 0077 ] Alternatively , during the training of neural network 
10 , the input matrix may be normalized in the conventional 
manner by multiplying the input matrix by first normaliza 
tion value v and by adding second normalization value w , 
and during the training of input matrix I , inputs which in 
each case have a value of second normalization value w 
( non - zero padding ) may be added to a convolution layer 12a 
through 12c in which the method according to the present 
invention is implemented . After the training , trained neural 
network 10 may be implemented on hardware and / or ported 
onto same , and modified filter matrix f and modified shift 
matrix may be used in particular convolution layer 12a 
through 12c , in this case inputs which in each case have the 
value zero ( zero padding ) being added to input matrix I in 
step S2 ' during operation of already trained neural network 
10 . 
[ 0078 ] If during the training of neural network 10 the input 
matrix is normalized in the conventional manner by sub 
tracting average valueu from the inputs of input matrix I and 
by dividing by standard deviation o , and during the training 
of input matrix I , inputs which in each case have a value of 
the negative ratio of average value u to standard deviation o , 
i.e. , a value of -ulo ( non - zero padding ) , are added to a 
convolution layer 12a through 12c in which the method 
according to the present invention is implemented , trained 
neural network 10 after the training may be implemented on 
hardware and / or ported onto same , and modified filter 
matrix f and modified shift matrix b may be used in 
particular convolution layer 12a through 12c , in this case 
inputs which in each case have the value zero ( zero padding ) 
being added to input matrix I in step S2 ' during operation of 
already trained neural network 10 . 
[ 0079 ] For example , the above - described addition of 
inputs to input matrix I may take place solely in input layer 
12a of the neural network . For all other convolution layers 
126 , 12c , during operation of trained neural network 10 the 
same padding may be used as during the training . However , 
the above - described addition of inputs to input matrix I may 
alternatively take place in any of convolution layers 12a 
through 12c . 
[ 0080 ] FIG . 4 shows a flow chart for illustrating steps of 
a method for operating a neural network 10 according to one 
exemplary embodiment of the present invention . In particu 
lar , the method illustrated in FIG . 4 includes the training of 

neural network 10 and the operation of already trained 
neural network 10. As an example , in the following discus 
sion the method according to the present invention is carried 
out only in input layer 12a , but may optionally also be 
implemented in any convolution layer 12a through 12c . 
Unless stated otherwise , the method described in FIG . 4 
includes the same elements , features , and steps as the 
method described in the figures described above . 
[ 0081 ] In a step so preceding the training of neural 
network 10 , average value y and standard deviation o are 
ascertained based on a training data set , as explained for 
FIG . 2. Step So may therefore also include a substep of 
providing a training data set , for example in a memory 
device 11. Alternatively , as described for FIG . 2 , average 
value ? and standard deviation o may also be computed 
based on input matrix I. 
[ 0082 ] During the training of neural network 10 , neural 
network 10 or input layer 12a is supplied with training data 
elements , such as training images , in step S1 . be 
normalized in step S1 by subtracting average value u from 
the inputs of each training data element , and dividing the 
result of this subtraction by standard deviation o . The 
training data elements may in a manner of speaking repre 
sent an input matrix I , as described in the preceding figures , 
for input layer 12a . 
[ 0083 ] These input matrices I or training data elements 
may be converted into higher - dimensional input matrices Î 
or higher - dimensional training data elements in an optional 
step S2 by adding inputs having the value zero or by adding 
inputs having the value -ulo , as described in FIG . 3. If no 
inputs are added to input matrices I of input layer 12a , 
inputs , for example having a value of zero , may be added to 
output matrix A of input layer 12a in order to compensate for 
a convolution - related loss of dimension after input layer 
12a . 
[ 0084 ] The actual training of neural network 10 may then 
take place in a step S3 . As a result of the training , the inputs 
of original filter matrix f and of original shift matrix b may 
be ascertained , which in a manner of speaking may refer to 
trained weights , parameters , and / or parameter values of 
neural network 10 . 
[ 0085 ] Trained neural network 10 may be implemented on 
hardware and / or ported onto hardware for operating trained 
neural network 10 . 
[ 0086 ] Non - normalized input data elements I , input matri 
ces I , and / or input images I for interpretation and / or classi 
fication may be supplied to neural network 10 and / or to input 
layer 12a in a step S4 . 
[ 0087 ] If inputs having the value zero have been added to 
the training data elements in optional step S2 , inputs having 
a value of u are added to input matrices I in step S4 . In 
contrast , if inputs having the value -w / o have been added to 
the training data elements in optional step S2 , inputs having 
a value of zero are added to input matrices I in step S4 . In 
contrast , if optional step S2 has not been carried out , no 
inputs are added to input matrices I. 
[ 0088 ] Input matrices I of input layer 12a are then con 
verted into output matrices A in a step S5 by applying 
modified filter matrix f and modified shift matrix b , as 
explained in detail for FIGS . 2 and 3 . 
[ 0089 ) Neural network 10 may also propagate output 
matrices A through further layers 12b , 12c , and may output 
output 14. Output 14 may be , for example , a predicted object 
class , a semantic segmentation , and / or any other value . 
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[ 0090 ] In addition , it is to be noted that “ including ” does 
not exclude other elements , and “ a ” or “ an ” do not exclude 
a plurality . In addition , it is pointed out that features that 
have been described with reference to one of the above 
exemplary embodiments may also be used in combination 
with other features of other exemplary embodiments 
described above . 

1-15 . ( canceled ) 
16. A method for operating an artificial neural network , 

the artificial network including at least one convolution layer 
that is configured to convert an input matrix of the convo 
lution layer into an output matrix , based on a convolution 
operation and a shift operation , the method comprising the 
following steps : 

ascertaining at least one first normalization value and one 
second normalization value : ( i ) based on inputs of the 
input matrix and / or ( ii ) based on a training data set of 
the artificial neural network ; 

ascertaining a modified filter matrix based on an original 
filter matrix of the at least one convolution layer and 
based on at least one of the ascertained first normal 
ization value and the ascertained second normalization 
value ; 

ascertaining a modified shift matrix based on an original 
shift matrix of the at least one convolution layer and 
based on at least one of the ascertained first normal 
ization value and the ascertained second normalization 
value ; and 

converting the input matrix into the output matrix , based 
on the modified filter matrix and the modified shift 
matrix . 

17. The method as recited in claim 16 , wherein : ( i ) the first 
normalization value is a value that correlates with a standard 
deviation and / or is a standard deviation , and / or ( ii ) the 
second normalization value is a value that correlates with an 
average value and / or is an average value . 

18. The method as recited in claim 17 , wherein : ( i ) the 
modified filter matrix is ascertained based on the original 
filter matrix of the at least one convolution layer and based 
on the ascertained standard deviation , and / or ( ii ) the modi 
fied shift matrix is ascertained based on the original shift 
matrix of the at least one convolution layer , based on the 
ascertained standard deviation , and based on the ascertained 

23. The method as recited in claim 17 , wherein the step of 
ascertaining the modified filter matrix includes : 

forming a ratio of inputs of the original filter matrix to the 
ascertained standard deviation . 

24. The method as recited in claim 17 , wherein the step of 
ascertaining the modified shift matrix includes : 

convoluting the modified filter matrix with a normaliza 
tion matrix , all inputs of the normalization matrix 
including the ascertained average value ; and 

subtracting the modified filter matrix , which is convoluted 
with the normalization matrix , from the original shift 
matrix . 

25. The method as recited in claim 17 , further comprising 
the following step : 

converting the input matrix into a higher - dimensional 
input matrix with addition of inputs to the input matrix ; 

wherein : ( i ) when the neural network is trained , the added 
inputs have the ascertained average value in each case , 
and / or ( ii ) during the training of the neural network , the 
added inputs have a value of zero in each case . 

26. The method as recited in claim 17 , further comprising 
the following step : 

converting the input matrix into a higher - dimensional 
input matrix with addition of inputs to the input matrix ; 

wherein : ( i ) when the neural network is trained , the added 
inputs having a value of zero in each case , and / or ( ii ) 
during the training of the neural network , the added 
inputs each have a negative value of a ratio of the 
ascertained average value to the ascertained standard 
deviation . 

27. The method as recited in claim 16 , wherein : ( i ) the at 
least one convolution layer is an input layer of the neural 
network , and / or ( ii ) the input matrix is an input data element , 
that is supplied to the neural network for interpretation 
and / or classification , the input data element being an input 
image . 

28. The method as recited in claim 27 , wherein the 
modified filter matrix and the modified shift matrix are used 
solely in the input layer of the neural network . 

29. The method recited in claim 16 , wherein the neural 
network includes multiple convolution layers , each convo 
lutional layer of the convolutional layers being configured to 
convert an input matrix of the convolution layer into an 
output matrix of the convolution layer , wherein a modified 
filter matrix and a modified shift matrix being ascertained 
for each of the convolution layers , and wherein each input 
matrix of each convolution layer being converted into an 
output matrix , applying the modified filter matrix ascer 
tained for the convolution layer and the modified shift 
matrix ascertained for the convolution layer . 

30. An artificial neural network including at least one 
convolution layer that is configured to convert an input 
matrix of the convolution layer into an output matrix , based 
on a convolution operation and a shift operation , the artifi 
cial neural network configured to : 

ascertain at least one first normalization value and one 
second normalization value : ( i ) based on inputs of the 
input matrix and / or ( ii ) based on a training data set of 
the artificial neural network ; 

ascertain a modified filter matrix based on an original 
filter matrix of the at least one convolution layer and 
based on at least one of the ascertained first normal 
ization value and the ascertained second normalization 
value ; 

average value . 
19. The method as recited in claim 17 , wherein the 

ascertained average value is an average value of inputs of the 
input matrix , and / or the ascertained standard deviation is a 
standard deviation of inputs of the input matrix . 

20. The method as recited in claim 17 , wherein the 
training data set includes multiple training data elements , the 
training data elements being training images , and wherein 
the standard deviation and the average value are ascertained 
based on the training data elements of the training data set . 

21. The method as recited in claim 16 , wherein the step of 
converting includes : 

convoluting the input matrix with the modified filter 
matrix ; and 

adding the modified shift matrix to the convoluted input 
matrix . 

22. The method as recited in claim 16 , wherein a normal 
ization operation for normalizing the input matrix is con 
tained in the modified filter matrix and the modified shift 
matrix . 
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ascertain a modified shift matrix based on an original shift 
matrix of the at least one convolution layer and based 
on at least one of the ascertained first normalization 
value and the ascertained second normalization value ; 
and 

convert the input matrix into the output matrix , based on 
the modified filter matrix and the modified shift matrix . 


